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The formation of CO bubbles at the metal surface during the refining of pig iron from the blast furnace (de-S and
simultaneous de-S/de-P) and during steelmaking is an important phenomenon because it influences the kinetics
of the reactions. The mechanisms of CO bubble nucleation, growth, rise, and detachment are described. Analysis
and modeling of these processes suggests that even during rapid bubble formation a significant fraction of the
metal surface will consist of metal-slag interface, which is necessary for the transfer of impurities like phosphorus
and sulfur to the slag phase.
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1 Introduction
The refining of molten pig iron to steel (primary steelmaking) is one of the largest-scale chemical
processes in any industry. Typically in the BOF process 200 tonne batches of pig iron are refined
to steel at 30 minute intervals.
The main refining reaction in the BOF is the oxidation of carbon in the metal to form CO gas.
Other important reactions are:
1. The removal of phosphorus from the metal, by oxidation and reaction with lime to form
calcium phosphate in the slag,
2. The removal of sulfur, mainly by reaction with lime to form calcium sulfide, and
3. Other elements less noble than iron are also oxidized - for example silicon and manganese.
The understanding that we have of the thermo-chemistry of these reactions is fairly complete.
When it comes to kinetics the coupled reaction model [1] has been used successfully to guide
process operation and optimization [2,3]. However there are three parameters in this model that
need to be determined by using experimental data from the process being considered. These are:
1. The mass transfer rate in the metal phase (kAρ)m,
2. The ratio of the mass transfer rate in the metal to that in the slag, and
3. The parameter G(CO) which determines the rate of CO formation at the metal surface.
In the coupled reaction model only 2 phases are considered - the slag and metal - and CO
formation is assumed to occur “miraculously” without any consideration of the mechanisms that
are actually involved. The oxygen potential at the metal-slag interface is calculated, and so we
can calculate the CO pressure that is in equilibrium there, and we assume that the rate of CO
bubble formation is proportional to this quantity. We then write that:
W[C]/A = G(CO) ∗ (p[COi] − p[COa]) (1)
Where: W[C]/A is the moles of CO formed per unit time per unit area,
p[COi] is the interfacial CO pressure, and
p[COa] is the ambient CO pressure in atmospheres.
*1 Visiting Professor, IMRAM, Tohoku University, Sendai, Japan
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This rate of CO formation is included in the coupled reactions - giving the de-carburization
that is actually observed. The incorporation of the CO bubble formation process is absolutely
necessary for a good simulation of the process and lowers the oxygen potential at the nominal
metal-slag interface. Increasing G(CO) gives more de-C and de-S, and gives less oxidation of Si,
Mn, and P. So a knowledge of G(CO) is necessary if the kinetic model is to accurately predict the
kinetics of the refining reactions, and it can only be obtained by parameter fitting to experimental
data. Too high a G(CO) gives more de-C and de-S than observed, less oxidation of Mn and P,
and lower FeO in the slag. Too low a G(CO) gives less de-C and de-S, more oxidation of Mn and
P, and higher FeO in the slag.
In this paper we will discuss the actual mechanisms involved in CO bubble formation, recog-
nizing both the existence of the third gas phase of CO bubbles, and the dynamic nature of the
processes occurring as the bubbles nucleate, grow, rise, and then detach from the metal surface.
This sequence of processes will be called “CO bubble formation” or just “bubble formation”.
Unfortunately we do not have good information on this process so it will be necessary to make
a lot of assumptions. Most of these are based on some experimental evidence – and it would be
much better if the experimental data were more extensive.
2 The Actual Mechanisms Involved in CO Bubble Formation
When we consider the formation of the CO bubbles, the actual mechanism of reaction in the
refining of pig iron becomes rather complex. Looking at the metal surface - from above we have
the situation in Figure 1A, and from the side in Figure 1B. The bubbles are nucleating, growing,
rising and detaching, so the real situation is very dynamic. There are now three interfaces: metal-
slag, metal-gas and slag-gas. There are now three interfaces that must be considered and, with
the bubble formation process “in full swing”, the situation is very dynamic.
An analogy for the bubble formation process is the nucleate boiling of water (or any other
volatile fluid). In the case we again have a surface with super-saturation, and the formation of





Fig.1 A snapshot of CO bubbles at the metal interface.
From the point of view of the mass
transfer model, all we need to know
is the average fraction of the metal
surface that is metal-gas (occupied
by CO gas bubbles), and then we
know the fraction that is metal-slag.
As mentioned earlier, the metal-slag
contact is very important because all
the impurities except carbon can only
move between the metal and slag
phases via that interface.
The presence of the CO bubbles al-
lows the CO gas to form by two mech-
anisms:
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1. Reaction of carbon with dissolved oxygen in the metal, and
2. The oxidation of carbon in the metal by CO2 gas in the bubbles.
The first reaction is slow since the “solubility” of oxygen in Fe-C alloys is quite low. With the
presence of the metal – CO gas interface at close to ambient pressure, the CO super-saturation
in the bulk metal cannot be very high, and at 4% carbon in the metal the weight percent of
dissolved O will only be around 0.01%. The second reaction is faster since CO2 can be generated
at a reasonably high concentration (mole fraction around 0.3) by the reaction between FeO in
the slag and CO gas. The above considerations are quantified later in this paper.
3 The Bubble Formation Model
The purpose of the bubble formation model is to calculate how the average fractions of metal-
slag contact and metal-CO gas contact vary with the bubble formation parameters.
We will assume that the bubbles nucleate at a rate of N bubbles per unit area per unit time,
grow at a constant rate G , rise, and detach instantaneously when they reach a size R. The values
of G and R will be estimated later in this paper.
As mentioned earlier the sub-processes or mechanisms of nucleation, growth, and bubble rise
and detachment will together be defined as “bubble formation”, and they are assumed to occur
as illustrated in Figure 2. The curved arrows represent the liquid flowing back in over the metal
surface after the bubble detaches.
View from the side View from above
Fig.2 Bubble nucleation, growth, rise and detachment (schematic).
3.1 Bubble nucleation
The nucleation rate of CO bubbles at the interface between molten iron alloys and slag has not
been studied. El-Kaddah and Robertson [4] studied the homogeneous nucleation of CO bubbles
in levitated iron drops and found that the super-saturation required for nucleation was a strong
function of the oxygen potential. Under the most favorable conditions - at the highest oxygen
potentials used - the super-saturation required for bubble nucleation inside the drops was 10
atm. It was not clear whether the nucleation observed was true homogeneous nucleation since
the reason for the decrease in the [super-saturation required for nucleation] with increasing oxygen
potentials could have been the formation of oxide nuclei.
Unfortunately there is no information in the literature to allow an estimation of the bubble
nucleation rate, and so it has been necessary to assume that bubbles are nucleated at a rate of N
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bubbles per unit area per unit time, and to treat this quantity as an unknown parameter.
3.2 Bubble growth
The first number we can estimate is the growth rate G. We assume that the mass transfer
coefficient in the gas phase is around 10 cm/sec and that the bulk mole fraction of CO2 in the
gas is 0.3. The reaction at the metal-CO bubble interface is:
C + CO2 = 2CO (2)
One of the CO gas molecule creates volume and the other goes back to react at the slag-CO gas
interface.
The rate of this reaction per unit area is given by:
W/A = kg ∗ π ∗ πr2 ∗ (C[CO2b] − C[CO2i]) (3)
where: W/A is the rate of gas creation in moles/second per unit area,
kg is the mass transfer coefficient in the gas phase in cm/sec,
r is the radius of the growing bubble,
C[CO2b] is the bulk concentration of CO2 in moles/cm3, and
C[CO2i] is the interface concentration, and is close to zero.
Writing:
Rate of CO2 reaction = rate of increase in CO in the bubble (4)
kg ∗ π ∗ r2 ∗ (C[CO2b] − C[CO2i]) = (2 ∗ π ∗ r2 ∗ G) ∗ C[Gas] (5)
and remembering that C[CO2i] is close to zero and that the mole fraction of CO2 has been
assumed equal to 0.3, we calculate that G will be expected to be independent of r and to have
a value of around 1.5cm/sec, and dependent only on the value of kg (the mass transfer coefficient
in the gas phase) and the concentration (mole fraction) of CO2 in the bubbles.
3.3 Bubble rise and detachment
Slag is the liquid in which the bubbles rise. The upward force acting on a bubble will be
its buoyancy, and this will be opposed by surface tension and viscous drag. The inertial force
(virtual mass ∗ bubble acceleration) will be negligible for small bubbles in a viscous liquid, and
will not even be considered. The inertial force will be shown to be negligible later. Initially the
surface tension force will be larger than the buoyancy force and the bubble will remain at the
metal surface and grow. At a critical radius rC the buoyancy force will become greater than
the surface tension force and the bubble will begin to move upwards at a velocity u{t}, where
the curly brackets indicate that u will vary over time. When the displacement of the bubble
(S{t}-calculated as the integral of u{t} over time) exceeds the bubble radius r{t}, the bubble will
detach from the metal surface. The radius of the bubble at detachment is R.
The value of rC is calculated by writing:
Buoyancy force = Surface tension force (6)
(2/3) ∗ πρgrC3 = 2πσrC (7)
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This gives:
r2C = 3σ/(ρg) (8)
Equation(8) gives rC = 0.66cm and so the time before bubble motion starts (which is rC divided
by the growth rate) is 0.44 seconds – using the values given after Equation(13).
When the bubble begins to move after reaching size rC the equation of motion is:
Buoyancy force = Surface tension force + viscous force (9)
(2/3) ∗ πρg(rC + Gt)3 = 2πσ(rC + Gt) + 6πµ(rC + Gt) ∗ u (10)
where t is measured from the start of motion, with u and S (the displacement) both equal to zero
at t equal to zero.
Simplifying and rearranging Equation(9) the expression for u is:
u{t} = (1/9) ∗ (ρg/µ) ∗ (rC + Gt)2 − (1/3) ∗ σ/µ (11)
Integrating this expression and using the boundary conditions:
S{t} = (1/9) ∗ (ρg/µ) ∗ (rCG2t + G2t3/3) (12)
Defining θ as the additional time between the start of bubble motion and detachment, and writing
(R − rC) = Gθ, and assuming that S{t} = R at the time of detachment, Equation(12) gives:
rC + Gθ = (1/9) ∗ (ρg/µ) ∗ (rCGθ2 + G2θ3/3) (13)
Equation(13) is best just solved by trial and error. The surface tension does not appear explicitly
in Equation(13), but the influence of σ on θ occurs through the value of rC. (When rC is zero,
in other words when the surface tension force is zero, Equation(13) reduces to the correct form
for when only the viscous force opposes the buoyancy force). As rC is increased θ decreases, but
θ is only the time from the start of bubble motion – once the buoyancy force has overcome the
surface tension force.
Taking typical numbers for:
1. The slag viscosity (µ) of 1kg/(ms), or 10 Poise,
2. The slag density (ρ) of 3500kg/m3, or 3.5 gram per cm3,
3. The slag-gas surface tension (σ) of 0.5N/m, or 500 dyne/cm, and
4. Assuming that G has a value of 1.5cm/sec.
the value of θ is calculated to be 0.145 seconds. Adding this to the time for the bubble to grow
to size rC – 0.44 seconds to grow to a size of 0.66 cm - we get a total time to bubble detachment
of 0.59 seconds and a bubble radius R of 0.88 cm. These values are just estimates, based on a
large number of assumptions, and they will vary with the conditions, but they seem to be in the
right “ball park”.
Using the same numbers for the properties of the slag (and G) and using equation(11) the
upward acceleration of the bubble was found to be roughly constant and to have a value of about
80 cm/sec2. So the ratio of the inertial force (virtual mass∗acceleration) over the buoyancy force
(mass displaced∗g) is given by (0.5∗80/981) = 0.04, since the virtual mass is approximately equal
to half the mass of liquid displaced. This means that the inertial force can indeed be neglected.
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4 The Overlap Number
At high nucleation rates, bubbles will overlap before they reach size R, and in this case they are
assumed to combine instantaneously to a new bubble of volume equal to that of the two bubbles,
and with a new position determined by the center of volume of the two bubbles. If the combined
bubble is of size greater than R it is assumed to leave immediately.
Using Dimensional Analysis, and assuming that the degree of overlap (the dependent variable)
is a function only of N, R and G, it can be show that the dependent variable is a function of only
the Overlap Number (O) - a dimensionless group defined as NR3/G. If the dependent variable
chosen is the fraction of the interface that is in contact with gas (α) then it too is uniquely
determined by the value of (O). (The influence of variables such as viscosity, surface tension,
density, CO super-saturation, etc. is assumed to be “captured” by the values of N, R and G). At
low value of O the bubbles will not overlap at all and their time on the surface will be R/G. In
that time NR/G bubbles will have nucleated per unit area and their average area will be πR2/3,
so the fraction of metal-gas contact will be πNR3/(3G), which is approximately equal to O. This
is true at low values of O (say less than 0.1). At high values of O the bubbles will cover more
of the metal surface, but overlap will mean that bubbles grow as much by collision as by CO
gas formation, and when a bubble detaches it will leave behind fresh metal-slag surface on which
nucleation will have to start anew. Therefore no matter how high the value of O there will be
some metal-slag interface available for impurity transfer to the slag phase.
Another way of explaining why bubbles do not cover the whole of the metal surface at high
values of O is that overlap:
1. Decreases the effective value of N, because early combination of small bubbles reduces their
number,
2. Increases the effective growth rate of the bubbles above – an obvious result of bubbles
combining, and
3. Decreases the size at which the bubbles actually leave, because of the assumption that
when two bubbles combine to form a single bubble of size greater than R they then leave
immediately.
Each of these points decreases the effective value of O. To summarize - more overlap means that
fewer bubbles grow more rapidly, and then detach below size R as a result of a final combination
with another large bubble.
4.1 Results on bubble overlap
The author has written a computer program that calculates α as a function of O and the
results are given in Figure 3 for O values from 0.001 to 10. With a bubble growth rate G of 10
cm/sec, and bubble radius at detachment of 1cm (close to the value of 0.88cm estimated earlier
for rise in a viscous slag) the N value will need to be 10 bubbles/(cm2sec) to achieve an Overlap
Number value of 1. O is a strong function of R, so if the bubbles were larger when they detached
(longer residence time on the metal surface at a fixed G) the Overlap Number would be higher.
Increasing viscosity of the slag will increase R and decrease G (everything else being equal) and





















Fig.3 Log of the [fraction of interface
that is metal-CO gas] (Alpha), plotted
against Log of the [Overlap Number]
(O). The thick grey straight line is the
line O = Alpha, which is predicted to
be approached at low O values. Even at
a high Overlap Number of 10 the metal-
CO gas fraction is still only 0.27, leav-
ing plenty of interface for the important
metal-slag reactions.
lead to more overlap and to a higher metal-CO gas fraction. However it is clear from Figure 3
that even at an Overlap Number of 10 there will be plenty of metal-slag contact.
4.2 Bubble size and age distributions
The computer model of bubble formation allowed some interesting quantities to be calculated,
such as the size distribution of the bubbles currently at the metal surface during bubble growth
(the bubble sizes will vary from zero to R) and the size distribution of the bubbles leaving (the
bubble sizes should be close to R).
4.2.1 The size distribution
At low values of O the current size distribution will be fairly uniform (more uniform the
lower the value of O) since the vast majority of the bubbles will grow steadily from zero size (or
more accurately their initial small size) to R without any combination. At high values of O the
distribution will show fewer large bubbles, since the bubbles nucleated will be reduced in number
as they combine by overlap. At low values of O the leaving size distribution will be very sharp,
with all the bubbles leaving at size R, since they will have all have grown steadily to that size.
At high values of O the leaving size distribution will again be quite sharp but with some bubbles
leaving at a size greater than R. For example, if three bubbles of size close to R combine, the size
at which they leave will be a bit less than R ∗ (3̂ (1/3)) or around 1.4R.
4.2.2 The age distribution
Another interesting quantity calculated while running the computer model is the age distribu-
tion. Ages will vary between zero and the time that the bubble is still on the metal surface, given
by R/G – the final radius divided by the assumed constant growth rate.
At low values of O the current age distribution will be fairly uniform (more uniform the lower
the value of O) since the vast majority of the bubbles will grow steadily from zero age to their
age at detachment without any combination. At high values of O the distribution will show fewer
large bubbles since as the bubbles age their number will be reduced by overlap.
At low values of O the leaving age distribution will be very sharp, with all the bubbles leaving
at age R/G, since they will have all have grown steadily to that age. At high values of O the
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leaving age distribution will show many bubbles that leave at an earlier age than R/G. When
two bubbles of young age combine to a size greater than R, and are removed, that age will be
recorded. For example two bubbles can grow rapidly by combination/overlap to sizes close to R
with ages less than R/G and then combine and leave. The age of the larger of the two bubbles
(plus one time step) is recorded for the combined bubble that leaves.
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Fig.4 Cumulative data on the size distribution of current bubbles at two values of the Overlap Num-




















Age: 10 units = R/G
Overlap Number = 0.1
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Overlap Number = 9
Fig.5 Plots of the age distribution of bubbles leaving the metal surface at two values of the Overlap
Number. Note that only a few of the bubbles leave early due to combination/overlap at O=0.1, while
all the bubbles leave early when O=9.
Some age and size distribution plots are given in Figures 4 and 5 to illustrate the points made
earlier.
5 Flow Sheet Software
The best way to model the complex multi-phase multi-interface reactions discussed in this
paper may be to use flow sheet software, since this provides a standard process modeling software
for all chemical processes including pyrometallurgical processes. The METSIM [5] software used
by the author [6] employs the sequential modular method and so can handle steady-state and
dynamic simulations with exactly the same model structure. Kinetic expressions of any type can
be used and the user can write special subroutines. The software can be used with free energy
minimizer unit operations – and can even use FACTSage.
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6 Mass Transfer
The reaction between metal and slag phases in a ladle is illustrated in Figure 6 and the flow sheet
representation of the process in Figure 7. Mass transfer is represented by the flow of streams
of material (which will be called “mass transfer flows” or MTF’s for short) to each interface.
The interface products (IP’s) return to the bulk phase. The interfaces are represented by unit
operations (UOP’s for short), where the reactions are defined. A free energy minimizer can be
chosen to represent an interface, in which case it is assumed that the reactions between the MTF’s
(but not the bulk phases) go to equilibrium. Each bulk phase is represented by a recirculating
stream flowing without reaction between two UOP’s, and the MTF’s go from and return to these
same units. So a fraction of each phase is allowed to react at each interface, as determined by
the mass transfer coefficient and the interfacial area.
Each phase is represented by a box located in the relevant phase and containing two UOP num-
bers are in bold type. So for the metal phase UOP’s 2 and 3 are equivalent to the mixer and splitter
in Figure 7. The numbers below each “phase box” are for the stream between the mixer and split-
ter and for the recirculating stream that represents the amount in the bulk (see later for a detailed
explanation). Each interface is represented by a UOP numbered in bold type, and located at the
relevant interface. Thus UOP number 11 in Figure 8 is equivalent to the metal-slag FEM in Figure
7. MTF’s enter each interface and interface products (IP’s) leave. Thus stream 54 is the MTF of
metal to the metal-slag interface and stream 56 is the IP metal returning to the bulk phase after
reaction. Each large “diagonal” arrow represents the formation of a new phase at the interface.
Thus stream 58 represents CO gas formed at the metal-slag interface. A fourth phase has been
added at the top, to allow for the oxidation of the slag that occurs from the oxygen jet in the BOF.
For the current discussion please focus on the metal, slag and CO gas phases. Clearly this model is
very complex, with many components reacting simultaneously at several interfaces, and with the
possible formation of new phases, but the flow sheet method makes it possible to “keep track”.
Rm 






















Fig.6 Metal-slag reaction in a ladle. The mass
transfer from the metal to the interface occurs
at a rate (kAρ)m. The mass of metal in the
ladle is represented by the recirculation Rm.
Fig.7 The flow sheet method applied to the
metal - slag reactor in Figure 6. The reactions
occur in the FEM unit operation (the metal-
slag interface) and the interface products (IP)
return to the bulk.
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Fig.8 The flow sheet method applied to a metal-slag-gas reaction involving four phases and four
interfaces – as occurs for example in the BOF. The thick black arrows (with their stream numbers)
represent feeds and taps. Small black arrows with stream numbers represent MTF’s to and IP’s from
the interfaces. UOP’s are in bold numbers in boxes.
Table 1 Initial compositions in the four phases
Metal Slag Co gas
Comp. wtpct Comp. wtpct Comp. wtpct
Fe bal Al2O3 5 CO 100
C 2.00 CaO 40
Mn 0.50 SiO2 25 Top gas
Si 0.10 Fe2O3 20 N2 10
P 0.10 FeO 10 CO2 80
S 0.10 O2 10
O 0.01
To apply this model we first need to
define the conditions. The initial com-
positions of the phases in Figure 8 are
given in Table 1, and the mass transfer
conditions are defined in Table 2, for
alpha=0.5. In this case the MTF’s in
the metal to the metal-slag and metal-
CO gas interfaces are the same, and
the MTF’s in the slag to these inter-
faces are also the same. The stream numbers (s) in Table 2 refer to the streams in Figure 8.
The recirculating streams, that represent the amount of a phase in the reactor, are calculated
as follows. Taking the case of mass transfer from the metal to the slag phase, the metal in the
MTF to the interface has composition Cb and returning after reaction has composition Ci. For
each component we can then write the equation:
(kAρ)m ∗ (Cb − Ci) = −Rm ∗ ∆Cb = −Mm ∗ (∆Cb/∆t) (14)
where: ∆Cb= change in bulk concentration in one calculation step
Mm= mass of the metal phase
If each calculation of the flow sheet represents a time step ∆t then clearly Rm = Mm/∆t.
Therefore the magnitude of the recirculating stream representing the amount of each phase is
given by M/∆t. So in Table 2 with Rm = 1200 tph, this can be taken to represent 100 tonnes
of metal in the reactor with a time step of 1/12 of an hour (or 5 minutes). The same time step
must apply to all the phases in the model, so once ∆t is decided that means that the slag flow
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Table 2 Amounts and mass transfer flows in the four phases (units are tonnes/hour) when alpha =
0.5. These values are appropriate for 100 tonnes of metal in the reactor with a time step of 5 minutes.
The initial mass of slag is then 5 tonnes. The streams (s) marked in bold are recirculating streams
that represent the amount of each phase in the reactor. The other streams are the MTF’s – and they
can be inspected on Figure 8.
METAL SLAG CO gas Top gas
Descr. Flow Descr. Flow Descr. Flow Descr. Flow
s4 amount 1200 s23 amount 60 s12 amount 6 s38 amount 6
s54 to slag 25 s50 to metal 6 s28 to slag 1 s40 to slag 2
s7 to CO gas 25 s24 to CO gas 6 s8 to metal 1
s46 to top gas 12
represents a mass of Rs ∗ ∆t = 60/12 = 5 tonnes. The mass of gas considered in the bubbles and
in the top gas is 0.5 tonnes. The choice of phase masses for low mass phases (LMP’s) like the
CO-gas phase in the bubbles is discussed by Robertson [6, 7].
The results of the mass transfer model are given in Figures 9, 10, and 11 and they are explained
in the Figure captions. These results are just illustrative of the information that can be gained.
Unfortunately there is not space here to discuss the application of this approach to de-Si, de-S,
de-P in the BOF, ladle metallurgy, etc. However it is clear that the model does provide detailed
information about the influence of various parameters on the process performance. Once the
model has been “tuned” to a particular process it can be used to predict the effect of changes,






















































Fig.9 Compositions (in weight fraction before
scaling) in the metal and slag phases. It was
assumed that alpha = 0.2. De-C is quite small,
but de-P and de-S are proceeding well. FeO in
the bulk slag drops quickly at the start, but levels
out later due to oxidation by the top gas. The
rising lines are P in slag and P at the metal-slag
interface.
Fig.10 The conditions are the same as in Figure
9, except that alpha has been increased to 0.5.
There is more de-C and slightly less de-P and
de-S.






























Fig.11 Conditions in and around the CO bubbles
when alpha is 0.5. CO2 (triangles) is formed at
the slag-CO gas interface by reacting with ferric
iron to form ferrous, and reacts with carbon (open
circles) at the metal-CO gas interface to form CO.
The increase in the amount of gas is shown by
COG(A) line – CO Gas Amount in tonnes/hour.
CO gas is formed at the metal-slag interface, but
the amount is small – line GfS/M(A).
7 Conclusions
The work presented in this paper provides a framework, or methodology, to model metal-slag-
gas reactions at any level of complexity. This may not be necessary for practical purposes in an
industrial setting, where more empirical approaches may be sufficient, but it is certainly necessary
to provide a detailed understanding of reaction mechanisms and kinetics in a research setting.
The calculations using the Overlap Number show that even when CO bubble formation occurs
rapidly at the metal surface, there will be still be metal-slag contact, allowing the important
metal-slag reactions of silicon oxidation, and de-P and de-S to occur in parallel to the de-C,
which must occur at a separate metal-gas interface.
G(CO) is the parameter used to:
1. Adjust the amount of the de-C reaction to match that observed in practice, and
2. Incorporate the effect of de-C on the other coupled reactions.
As explained in the paper, the actual mechanism of de-C involves the formation of CO bubbles
at the metal surface, and these bubbles provide the necessary metal-gas and slag-gas interfaces
for the de-C reaction. The quantity that is not known and which cannot be estimated at present
is the rate of CO bubble nucleation at the metal surface. The growth, rise and detachment of
the bubbles can be estimated, and for a given nucleation rate the Overlap Number can be used
to estimate the fraction of metal surface that is occupied by bubbles. Once this is known the
reaction kinetics can be calculated for any given process. Flow sheet software can be readily
adapted to this purpose, and provides a standard platform to deal with processes involving many
phases and many interfaces.
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